Introduction
============

Presynaptic plasticity, which predominantly consists of rapid changes in transmitter release induced during synaptic activity and results in enhancements or depressions of synaptic responses, is partly caused by changing the release efficacy of synaptic vesicles originating in distinct vesicle pools (Attwood and Karunanithi, [@B1]; Zucker and Regehr, [@B67]; Rizzoli and Betz, [@B52]; Neher, [@B46]). Brief bursts of afferent stimulation often give rise to an early frequency facilitation deriving from the readily releasable vesicle pool (RRP; e.g., Zucker and Regehr, [@B67]; Neher and Sakaba, [@B47]). In contrast, contributions of vesicles from the reserve or resting pools are less well defined (Wesseling and Lo, [@B65]; Li et al., [@B39]; Fernandez-Alfonso and Ryan, [@B18]). In the well-characterized excitatory and facilitating CA3-to-CA1 hippocampal glutamatergic synapse, where the presynaptic elements contain RRPs of 5--10 vesicles and a total population of 80--100 vesicles (Harris and Sultan, [@B27]; Schikorski and Stevens, [@B54]), we have recently described a functionally defined phase designated the delayed response enhancement (DRE), which appears to represent a vesicle pool which begins to release transmitter when stimulation has lasted approximately 3.5 s. Around 75 stimuli contributed to this enhancement phase, which was followed by response decays (Jensen et al., [@B32]; see, however, Garcia-Perez et al., [@B21]). The putative vesicle pool involved in this response, which appeared to be dependent on the vesicle-associated synapsin I/II proteins, was found to be sensitive to temperature and F-actin cycling, and to be developmentally regulated (Jensen et al., [@B32]; Bogen et al., [@B5]). The exact identity and localization of these vesicles, as well as their physiological importance, remain, however, unclear.

In order to define possible physiological relationships between the vesicles present in the RRP and those responsible for the DRE phase, we have here examined these response phases during activation of three well-known intraterminal signaling pathways, including those regulated by cyclic AMP (cAMP), diacylglycerols (DAG) and increased levels of Ca^2+^, all of which may change vesicle recruitment, docking, priming, and/or exocytotic fusion of releasable synaptic vesicles (e.g., Hilfiker et al., [@B29]; Leenders and Sheng, [@B38]; Neher, [@B46]). For this purpose, we have used hippocampal slice preparations from wild-type (WT) and synapsin I/II double knock-out (DKO) mice, the latter showing a significant decrease in synaptic vesicles but no change in glutamate receptor levels (Owe et al., [@B49]; Bogen et al., [@B4]). These preparations were either equilibrated in the absence or presence of the adenylate cyclase activator forskolin or the DAG analog β-phorbol-12,13-dibutyrate, or were examined at different levels of \[Ca^2+^\]~o~ (from 1 to 4 mM). Following equilibration, we examined responses obtained from the RRP vesicles by analyzing either fEPSPs obtained at 0.1 Hz stimulus frequency, paired-pulse facilitation (PPF) ratios obtained at 50 ms interstimulus intervals, or frequency facilitation magnitudes obtained during the initial part of prolonged 20 Hz stimulation trains. In contrast, responses from recruited vesicles giving rise to the delayed phases were examined by analyzing the DRE and subsequent responses during the final part of the 20 Hz stimulus trains. We show that stimulation-induced enhancements of synaptic responses induced by activation of the signaling pathways all gave comparable increases of fEPSPs during low-frequency stimulation, but that they gave different patterns of presynaptic modulation both during paired pulses, frequency facilitation and prolonged stimulation trains. Our data therefore indicate that in these prototypical glutamatergic excitatory synapses, different molecular stimuli which modulate temporally identical short-term plasticity phases may regulate functionally distinct vesicle pools.

Materials and Methods {#s1}
=====================

Preparation of slices
---------------------

Experiments were performed on hippocampal slices (Hvalby et al., [@B31]), prepared either from adult (3--6 months old) WT mice or from synapsin I and II DKO mice of the same age (Ferreira et al., [@B19]). The animals were killed with the general anesthetic Suprane (Baxter), the brains were removed and transverse slices (400 μm) were cut from the middle portion of each hippocampus with a vibroslicer in artificial cerebrospinal fluid (ACSF, 4°C, bubbled with 95% O~2~--5% CO~2~, pH 7.4) containing (in mM): 124 NaCl, 2 KCl, 1.25 KH~2~PO~4~, 2 MgSO~4~, 1 or 2 CaCl~2~, 26 NaHCO~3~, and 12 glucose. Slices were placed in a humidified interface chamber where the temperature was kept constant at 29°C. To avoid *N*-methyl-[D]{.smallcaps}-aspartic acid (NMDA) receptor-mediated synaptic plasticity, 50 μM [DL]{.smallcaps}-2-amino-5-phosphopentanoic acid (AP5; Sigma-Aldrich) was present throughout the experiments.

The effects of forskolin (50 μm; Sigma-Aldrich) and β-phorbol-12,13-dibutyrate (PDBu, 10 μM, Sigma-Aldrich) were analyzed following incubation of the slices with the drugs for at least 120 min, a time span which allowed the drugs to induce functional effects. During this period, the magnitudes of the field fEPSPs gradually increased in the presence of forskolin or PDBu until stable values were reached. The final concentrations of DMSO, which was present as a solvent, did not exceed 0.3%, which by itself had no effect on physiological responses (not shown). Similar incubations were performed on slice preparations in the absence of drugs.

Animal experiments were conducted according to the Norwegian Animal Welfare Act and the European Union\'s Directive 86/609/EEC.

Stimulation and recordings
--------------------------

Orthodromic synaptic stimuli (50 μs, \<300 μA, 0.1 Hz) were delivered alternately through two tungsten electrodes, one situated in the stratum radiatum and another in the stratum oriens (control pathway, used to continuously examine the general physiological stability of the preparation) of the CA1 region. Extracellular synaptic responses were monitored by two glass electrodes (filled with ACSF) placed in the corresponding synaptic layers. Following the presence of stable synaptic responses in both pathways (0.1 Hz stimulation) for at least 10--15 min, selective stimulation of the radiatum pathway was performed at 20 Hz for 60 s.

Analysis
--------

The synaptic strength was assessed by measuring the maximal slope of the rising phase (V/s) of the fEPSPs and normalizing the value of each response to the first response in the stimulation train. For every experiment, the PPF ratio (50 ms interstimulus interval) was calculated as fEPSP2 slope/fEPSP1 slope, i.e., the value of the second response in the stimulation train was divided by the value of the first response (Jensen et al., [@B32]). Three distinct time points were also used to characterize the time courses of the processes studied, i.e., (a) the time needed to reach the maximal magnitude of the initial frequency facilitation, (b) the transition point where the minimal value of the response during the subsequent decay period was observed, and (c) the time point of the maximal value reached during the DRE phase. Time points were determined in each of the similarly treated experiments and data were pooled. Values are presented as mean ± S.E.M., and statistical significance of differences was evaluated using a two-tailed, unpaired *t*-test.

Results
=======

Short-term synaptic plasticity and synapsin I/II
------------------------------------------------

In preparations from both WT and synapsin I/II DKO mice, low-frequency synaptic activation (0.1 Hz) of the afferent fibers in the hippocampal CA1 region (stratum radiatum) led to stable synaptic responses (Figure [1](#F1){ref-type="fig"}A). Presynaptic short-term forms of synaptic plasticity can be induced by repetitive Ca^2+^-influx occurring during presynaptic stimulation trains (Zucker and Regehr, [@B67]; Schneggenburger and Neher, [@B56]; Klyachko and Stevens, [@B37]). In agreement, application of a 20-Hz stimulation train (1 min duration) to the afferent fibers under standard conditions (2 mM CaCl~2~, 29°C, 50 μM AP5) induced a transient frequency facilitation, which reached a peak after a seconds, followed by a steep decay which reached an apparent minimum value after b seconds. Continuous stimulation of WT slices then gave a DRE phase which reached a maximum value at c seconds (Figure [2](#F2){ref-type="fig"}). In the DKO, the latter phase was virtually absent (Figure [1](#F1){ref-type="fig"}B). In earlier studies, the presence of DRE was found to be independent of stimulus frequency variation between 5 and 20 Hz, inhibitory GABAergic synaptic activity, or stimulus-induced desensitization of the α-amino-3-hydroxy-5-methyl-4-isoxazole propionate (AMPA)-receptors (Jensen et al., [@B32]), but to be sensitive to actin filament turnover, developmental stage, and incubation temperature between 24 to 37°C (Jensen et al., [@B32]; Bogen et al., [@B5]). Other analyses of this synapse done in adult animals have also failed to reveal differences in either PPF or frequency facilitation when these genotypes were compared (Rosahl et al., [@B53]; Jensen et al., [@B32]; Bogen et al., [@B5]). Hence, present knowledge indicates that the major effects of synapsins I/II on presynaptic plasticity may predominantly be restricted to response enhancements during the DRE phase and the subsequent late response period (Figure [1](#F1){ref-type="fig"}B).

![**Changes in 20 Hz stimulation-induced delayed response enhancement (DRE) in hippocampal excitatory CA3-to-CA1 synapses, caused by inactivation of the synapsin I/II genes**. **(A)** Normalized fEPSP slope measurements during afferent stimulation in stratum radiatum at 0.1 Hz, followed by 20 Hz for 60 s (indicated by black bar, note difference in time scales), and reversal to 0.1 Hz, obtained in two experiments performed at 29°C during NMDA receptor blockade (see [Materials and Methods](#s1){ref-type="sec"}). Symbols in blue are from a synapsin I/II double knock-out (DKO) mouse and symbols in red are from a WT mouse, respectively. The insets show superimposed synaptic responses at the stimulation times indicated by arrows and numbers (left traces from the control mouse, right traces from the synapsin I/II DKO mouse). **(B)** Normalized and pooled fEPSP slope measurements during the initial 30 s of 20 Hz stimulation \[boxed area in **(A)**\] from WT (*n* = 22, red symbols) and DKO mice (*n* = 18, blue symbols). Vertical bars indicate S.E.M. Subtractions of the values obtained in synapsin I/II DKO experiments from those obtained in WT experiments are represented by the black, open symbols. The black horizontal bar along the abscissa indicates *p* \< 0.05 when comparing the two genotypes. Colored open triangles on the ordinate point to the starting values for the different conditions.](fnsyn-02-00152-g001){#F1}

![**Forskolin-induced synaptic enhancements during 20 Hz stimulation in hippocampal excitatory CA3-to-CA1 synapses**. **(A)** Normalized fEPSP slope measurements from CA3-to-CA1 synapses during 20 Hz stimulation in slices (*n* = 17) from WT mice treated with forskolin (50 μM, blue symbols) and in experiments without forskolin (*n* = 22, red symbols). Vertical bars indicate S.E.M. Subtractions of the values without forskolin from those obtained with forskolin are represented by the black, open symbols. The black horizontal bar along the abscissa indicates *p* \< 0.05 when comparing the two situations. Colored open triangles on the ordinate point to the starting values for the different conditions. *a* Indicates time point of the maximum magnitude of the initial frequency facilitation; b time to the transition point between the initial frequency facilitation and the DRE; c time needed to reach the peak of the DRE. The average measurements from individual experiments are shown by inset histogram with corresponding colored vertical bars. Vertical bars indicate S.E.M. \**p* \< 0.05 when compared to the control situation. **(B)** As in **(A)** but the slice experiments are from DKO mice treated with forskolin (50 μM, blue symbols) (*n* = 18) compared to experiments without the compound (*n* = 18, red symbols).](fnsyn-02-00152-g002){#F2}

Additive effects of forskolin on RRP and DRE responses
------------------------------------------------------

The adenylate cyclase activator forskolin enhances glutamatergic transmission in the CA1 stratum radiatum synapse in the hippocampal slice (Chavez-Noriega and Stevens, [@B9]), with a substantial contribution made by presynaptic mechanisms (Chavez-Noriega and Stevens, [@B10]). Early work suggested that activation of cAMP-dependent protein kinase (PKA) also enhanced postsynaptic AMPA-receptor-mediated responses (Greengard et al., [@B25]), thereby making it difficult to distinguish pre- from postsynaptic effects of cAMP. However, present knowledge suggests that the postsynaptic effects of PKA on glutamatergic transmission predominantly occur through NMDA-receptor stimulated trafficking of AMPA receptors to the synaptic membrane (Gao et al., [@B20]; Oh et al., [@B48]; Chen and Roche, [@B11]). Therefore, inclusion of AP5, a specific and competitive NMDA-receptor blocker, in our standard incubation medium, together with the use of DKO mice devoid of the presynaptically localized synapsin proteins, should minimize incorrect interpretation concerning the locus of forskolin effects.

In our experiments, addition of forskolin (50 μM) led to fEPSP responses being significantly enhanced to similar levels in both the WT (1.66 ± 0.11, *n* = 18) and DKO (1.70 ± 0.07, *n* = 16) preparations. Hence, forskolin induced an enhancement of basal, low-frequency-stimulated synaptic transmission irrespective of the synapsins I/II. In contrast, during a similar period when slices from both genotypes were equilibrated in the absence of drugs, we observed no significant changes in baseline responses at 120 min, either in the WT (1.07 ± 0.02, *n* = 19) or the DKO (1.03 ± 0.02, *n* = 20) preparations. Further analysis of synaptic release probability was done by giving a pair of subsequent stimuli, identical in strength and with interstimulus intervals of 50 ms, to the afferent fibers in stratum radiatum. In this situation, the second fEPSP was increased when compared to the first (Table [1](#T1){ref-type="table"}). This PPF, believed to reside presynaptically, is thought to inversely reflect the release probability (Katz and Miledi, [@B36]; Zucker and Regehr, [@B67]). In the present experiments, the PPF ratios in forskolin-treated slices showed only statistically insignificant decreases when compared to untreated preparations in both genotypes (Table [1](#T1){ref-type="table"}). Therefore, the probability of release of RRP vesicles appeared to be unchanged by forskolin, irrespective of the absence or presence of the synapsins I/II proteins.

###### 

**Characterization of response transformations during stimulation of CA1 synapses in mouse hippocampus**.

                                    *n*   *a*             *b*             *c*             *b-a*           *c-b*           *PPF ratio*
  --------------------------------- ----- --------------- --------------- --------------- --------------- --------------- ---------------
  2 mM Ca^2+^ 20 Hz WT              22    0.62 ± 0.07     3.34 ± 0.06     5.81 ± 0.12     2.72 ± 0.08     2.47 ± 0.12     1.52 ± 0.05
  2 mM Ca^2+^ 20 Hz Forskolin WT    17    0.35 ± 0.10\*   3.16 ± 0.13     4.58 ± 0.18\*   2.81 ± 0.10     1.43 ± 0.16\*   1.49 ± 0.05
  2 mM Ca^2+^ 20 Hz PDBu WT         17    0.11 ± 0.02\*   3.72 ± 0.11\*   4.84 ± 0.19\*   3.61 ± 0.12\*   1.12 ± 0.18\*   1.01 ± 0.04\*
  1 mM Ca^2+^ 20 Hz WT              12    0.73 ± 0.10     3.35 ± 0.13     5.99 ± 0.37     2.62 ± 0.13     2.64 ± 0.39     1.87 ± 0.20\*
  4 mM Ca^2+^ 20 Hz WT              11    0.32 ± 0.07\*   4.42 ± 0.19\*   5.19 ± 0.23\*   4.10 ± 0.22\*   0.77 ± 0.13\*   1.29 ± 0.07\*
  2 mM Ca^2+^ 20 Hz DKO             18    0.55 ± 0.07     n.a.                                                            1.51 ± 0.06
  2 mM Ca^2+^ 20 Hz Forskolin DKO   18    0.36 ± 0.06\*   n.a.                                                            1.46 ± 0.04
  2 mM Ca^2+^ 20 Hz PDBu DKO        17    0.21 ± 0.06\*   n.a.                                                            1.09 ± 0.06\*
  1 mM Ca^2+^ 20 Hz DKO             12    0.56 ± 0.06     n.a.                                                            1.87 ± 0.07\*
  4 mM Ca^2+^ 20 Hz DKO             10    0.20 ± 0.05\*   n.a.                                                            1.23 ± 0.05\*

*Time needed from stimulus initiation to reach: a, the peak magnitude of the initial frequency facilitation; b, the transition point between the initial frequency facilitation and DRE; and c, peak of the DRE, respectively. Subtractions (b*−*a) and (c*−*b) indicate the durations of the decaying phase of the initial frequency facilitation and the ascending part of the DRE phase, respectively. PPF ratio: pooled paired-pulse facilitation ratios (see [Materials and Methods](#s1){ref-type="sec"}). Experiments were performed under the conditions indicated, and the results represents seconds (mean *±* S.E.M., derived from n experiments). \*p *\<* 0.05, compared to the standard conditions (2 mM Ca*^*2*+^*, 20 Hz, 29*°*C) in the corresponding genotypes. n.a., not applicable. Time (s) *±* S.E*.

In contrast, analysis of the frequency facilitation which occurred during application of 20 Hz stimulation trains in the presence of forskolin showed strong response enhancements during the frequency facilitation in both WT and DKO mice, which reached peak magnitudes of 2.57 ± 0.10 and 2.60 ± 0.10, respectively (Figures [2](#F2){ref-type="fig"}A,B). Moreover, these forskolin-induced peaks occurred significantly earlier than those in untreated preparations, again through mechanisms that were independent of synapsins I/II (see Table [1](#T1){ref-type="table"} and inset histograms in Figures [2](#F2){ref-type="fig"}A,B). These results indicated that forskolin continuously induced enhanced release from RRP pools, without changing the probability of release from individual RRP vesicles.

In contrast, protracted 20 Hz stimulation gave continuous forskolin-induced response enhancements of both the DRE and the late responses in the WT preparation. This did not occur in the DKO preparation, thereby indicating that the forskolin-induced response enhancements occurring during the rising phase of the DRE depended entirely on the presence of synapsin I/II (compare Figures [2](#F2){ref-type="fig"}A,B). Thereafter, a forskolin effect reappeared in the DKO preparation after 6.5 s stimulation, when responses again became significantly increased in both genotypes. Hence, synapsins I/II appear pivotal for a forskolin-induced increase in transmitter release during a period restricted to the rising phase of the DRE, whereas forskolin-induced response enhancements occurring either prior to or subsequent to the enhancing part of the DRE phase all appeared to be mediated through synapsin I/II-independent mechanisms.

Occluding effects of phorbol ester on RRP and DRE responses
-----------------------------------------------------------

Tumor-promoting phorbol esters, stable analogs of the DAGs which are generated upon activation of phospholipase C, are known to activate both the calmodulin- and DAG-binding munc-13 proteins (Rhee et al., [@B51]; Brose et al., [@B7], Junge et al., [@B7]) and the multifunctional protein kinase C family, all of which have been implicated in regulation of transmitter release (e.g., Billiard et al., [@B3]; Walaas, [@B61]; Searl and Silinsky, [@B57]; Wierda et al., [@B66]). In the present study, incubation of the slices with PDBu (10 μM) led to major and unexpected response patterns.

First, addition of PDBu during 0.1 Hz stimulation substantially enhanced the fEPSPs to comparable levels in the two genotypes (WT: 2.26 ± 0.35, *n* = 17; DKO: 1.95 ± 0.26, *n* = 16; *p* = 0.46). These PDBu-induced fEPSP enhancements were accompanied by almost abolished PPF ratios in both genotypes (Table [1](#T1){ref-type="table"}), in accordance with earlier reports (Malenka et al., [@B43]; Gustafsson et al., [@B26]). Furthermore, during 20 Hz stimulation trains, the presence of PDBu led to small frequency facilitation responses which reached peak values more rapidly in the presence than in the absence of PDBu in both genotypes (Table [1](#T1){ref-type="table"}). They also showed only modest magnitude enhancements, in the WT preparations reaching 2.34 ± 0.11 (*n* = 17) and in the DKO preparations reaching 2.21 ± 0.12 (*n* = 17; Figures [3](#F3){ref-type="fig"}A,B). Finally, after approximately 0.5--1 s, the effects of PDBu on response magnitudes disappeared in both genotypes, and during the subsequent decaying phase, the responses rapidly merged with the responses obtained in the untreated control preparations, without any difference occurring between the WT and DKO preparations.

![**Phorbol ester-induced synaptic enhancements during 20 Hz stimulation in hippocampal excitatory CA3-to-CA1 synapses**. **(A)** Normalized fEPSP slope measurements from CA3-to-CA1 synapses during 20 Hz stimulation in slices (*n* = 17) from WT mice treated with β-phorbol-12,13-dibutyrate (PDBu, 10 μM, blue symbols) and in experiments without PDBu (*n* = 22, red symbols). Vertical bars indicate S.E.M. Subtractions of the values without PDBu from those obtained with PDBu present are represented by the black, open symbols. The black horizontal bar along the abscissa indicates *p* \< 0.05 when comparing the two situations. Colored open triangles on the ordinate point to the starting value for the different conditions. a Indicates time point of the maximum magnitude of the initial frequency facilitation; b time to the transition point between the initial frequency facilitation and the DRE; c time needed to reach the peak of the DRE. The average measurements from individual experiments are shown in inset histogram with corresponding colored vertical bars. Vertical bars indicate S.E.M. \**p* \< 0.05 when compared to the control situation. **(B)** As in **(A)** but the slice experiments are from DKO mice treated with PDBu (10 μM, blue symbols; *n* = 17) compared to experiments without PDBu (*n* = 18, red symbols).](fnsyn-02-00152-g003){#F3}

During subsequent stimulation, both the WT and DKO responses occurred at slightly different time points in the PDBu-treated as compared to the untreated preparations (Figures [3](#F3){ref-type="fig"}A,B). However, neither the WT (where a small DRE occurred) nor the DKO preparation (which is devoid of the DRE phase, see Figure [1](#F1){ref-type="fig"}B) showed significant changes in response magnitudes during PDBu treatment. In contrast, during the late response period a small, but significant PDBu-dependent response enhancement occurred, which lasted during the remaining part of the stimulation train. Since a similar late PDBu effect also occurred in the DKO, this effect was not dependent on synapsins I/II (Figures [3](#F3){ref-type="fig"}A,B).

Bidirectional effects of \[Ca^2+^\]~o~ on RRP and DRE responses
---------------------------------------------------------------

Ca^2+^ influx through voltage-dependent channels followed by binding to synaptotagmin in the vesicle--SNARE complex are thought to be predominant factors in determining presynaptic strength (Lisman et al., [@B40]; Sun et al., [@B58]), and increasing \[Ca^2+^\]~o~ has therefore been used to enhance synaptic responses (Zucker and Regehr, [@B67]; Schneggenburger and Neher, [@B56]). We compared the effects of varying \[Ca^2+^\]~o~ between 1 and 4 mM, and standardized these experiments according to the normalized fEPSP values obtained in ACSF containing 2 mM CaCl~2~ in order to be able to compare the results to the ones obtained with forskolin and PDBu.

Equilibration of slices from WT and DKO mice in 1 mM CaCl~2~ significantly reduced the fEPSPs (0.53 ± 0.05, *n* = 12 and 0.50 ± 0.06, *n* = 10, respectively), whereas equilibration in 4 mM CaCl~2~ significantly increased the fEPSPs (1.25 ± 0.04, *n* = 19 and 1.33 ± 0.06, *n* = 16, respectively; Hvalby et al., [@B31]). Thus, these Ca^2+^-induced fEPSP changes were synapsin I/II-independent. Furthermore, both the increases in PPF ratios seen at 1 mM \[Ca^2+^\]~o~ and the decreases in PPF ratios seen at 4 mM \[Ca^2+^\]~o~ were synapsin I/II-independent (Table [1](#T1){ref-type="table"}).

In contrast, previous analysis of responses obtained at 20 Hz frequency in this synapse has demonstrated the existence of a synapsin I/II-dependent frequency facilitation enhancement during the initial 40 stimuli which was present in 4 mM \[Ca^2+^\]~o~ but absent in 1 mM \[Ca^2+^\]~o~ (Hvalby et al., [@B31]). The present analysis demonstrates that after 4--6 stimulations in our preparations, a frequency facilitation was obtained which at 4 mM \[Ca^2+^\]~o~ reached a peak magnitude of 1.86 ± 0.06 in WT, whereas a magnitude of 1.62 ± 0.04 was reached in the DKO (Figures [4](#F4){ref-type="fig"}A,B; Table [1](#T1){ref-type="table"}). Moreover, the subsequent response decreases were also different in the two genotypes, being both more rapid and extensive in the DKO than in the WT (Figure [4](#F4){ref-type="fig"}). Taken together (Hvalby et al., [@B31]; and this study), these data indicate that in these synapses, the presence of synapsin I/II proteins induced an enhancement of the Ca^2+^-induced frequency facilitation. However, under the present experimental conditions this effect appeared to be restricted to supraphysiological levels of \[Ca^2+^\]~o~.

![**Calcium-induced synaptic enhancements during 20 Hz stimulation in hippocampal excitatory CA3-to-CA1 synapses**. **(A)** Normalized fEPSP slope measurements from CA3-to-CA1 synapses during 20 Hz stimulation in slices (*n* = 12) from WT mice treated with 4 mM CaCl~2~ (blue symbols) and in experiments with 1 mM CaCl~2~ (*n* = 11, red symbols). Vertical bars indicate S.E.M. Subtractions of the values at 1 mM CaCl~2~ from those obtained at 4 mM CaCl~2~ are represented by the black, open symbols. The black horizontal bar along the abscissa indicates *p* \< 0.05 when comparing the two situations. Colored open triangles on the ordinate point to the starting value for the different conditions. a Indicates time point of the maximum magnitude of the initial frequency facilitation; b time to the transition point between the initial frequency facilitation and the DRE; c time needed to reach the peak of the DRE. The average measurements from individual experiments are shown in inset histogram with corresponding colored vertical bars. Vertical bars indicate S.E.M. \**p* \< 0.05 when compared to the control situation. **(B)** As in **(A)** but the slice experiments are from DKO mice treated with 4 mM CaCl~2~ (*n* = 10, blue symbols) compared to experiments with 1 mM CaCl~2~ (*n* = 12, red symbols).](fnsyn-02-00152-g004){#F4}

The magnitude of the subsequent DRE responses seen in the WT preparation showed a tendency of becoming reduced at high Ca^2+^, albeit not significantly, when results obtained at 4 mM \[Ca^2+^\]~o~ during 4--15 s stimulations were compared to those seen at 1 mM \[Ca^2+^\]~o~ during the same period. Surprisingly, during the same period the DKO preparations showed a pronounced and unexpected decrease in Ca^2+^-dependent response magnitudes, which during the period between ∼2 and ∼8 s stimulation transformed the Ca^2+^-induced responses in the DKO from response enhancements to decreases. During the remaining stimulation period, Ca^2+^-induced responses obtained at 4 mM Ca^2+^ in the WT preparation were indeed significantly smaller than those seen at 1 mM Ca^2+^, whereas no differences between the different Ca^2+^ levels were seen in the DKO preparations (Figures [4](#F4){ref-type="fig"}A,B). These synapses therefore appear to have highly complex relationships between Ca^2+^ levels, synapsin proteins and synaptic responses, with brief, early responses deriving from RRP vesicles and prolonged delayed responses deriving from other vesicle pools, both being under the control of the synapsin I/II proteins. None of these effects could be mimicked by addition of forskolin or PDBu.

Synapsin-dependency of second messenger-induced response enhancements
---------------------------------------------------------------------

Although the major synapsin I/II-specific effects appear restricted to the late frequency facilitation and DRE phases, more subtle effects may occur outside this time period (Hilfiker et al., [@B30]; Hvalby et al., [@B31]; Coleman and Bykovskaia, [@B16]). We therefore summarized to what extent the individual effects induced by forskolin, PDBu, and 4 mM \[Ca^2+^\]~o~ were dependent on synapsin-mediated mechanisms throughout the different response phases by subtracting the effects of the treatments during the 20 Hz stimulations in the DKO from those seen in the WT preparations. This analysis (Figure [5](#F5){ref-type="fig"}) showed that partial but distinct effects of synapsin I/II could be seen under all stimulatory periods. The synapsin I/II effects on forskolin-induced response modulations comprised a brief response decrease during the initial 2 s and a synapsin-dependent response enhancement during the next 8 s. No synapsin I/II-dependent effect was seen after 10 s stimulations. In the PDBu-treated samples, synapsin I/II effects comprised a small, initial decrease in response magnitude which lasted for 10 s, followed by a slow reversal to baseline, after which synapsins were without effects. In contrast, the changes induced by 4 mM Ca^2+^ included a rapid synapsin-dependent response enhancement during the first 2 s, i.e., during release of RRP vesicles, followed by a decrease to baseline during the next 6 s, and a steady, synapsin I/II-dependent negative effect on Ca^2+^-induced synaptic responses which lasted during the remaining stimulation period (Figure [5](#F5){ref-type="fig"}).

![**Synapsin-dependence of frequency facilitation and DRE as a function of treatment with forskolin, PDBu, and 4 mM CaCl~2~**. Subtraction of differences between measurements obtained in the presence of forskolin (red symbols), PDBu (blue symbols), and 4 mM CaCl~2~ (green symbols) and measurements obtained in control solutions in the synapsin DKO mice, from the corresponding differences seen in WT mice.](fnsyn-02-00152-g005){#F5}

Discussion
==========

Activations of the intracellular cAMP-, DAG-, and Ca^2+^-mediated second messenger systems in the glutamatergic CA3-to-CA1 synapse in mouse hippocampus induce similar increases in baseline responses. The major findings from this study show that during subsequent repetitive stimulations, where both vesicle docking and priming as well as recruitment from additional vesicle pools become more important, they induce different responses. These conclusions depend on experimentally obtained changes in postsynaptic responses caused by transmitter released from the RRP and/or other vesicle pools. Moreover, some but not all of the effects appear to depend on the synapsin I/II proteins, which may be involved both in response enhancements and depressions, depending on both the identity of the specific second messenger system activated and the vesicle pool involved.

Multiple effects of the 3 second messenger systems are known to occur throughout all synaptic compartments, and a variety of presynaptic and postsynaptic structures are well known as targets for the biochemical systems we examine (e.g., Walaas and Greengard, [@B62]). These include presynaptic and postsynaptic ion channels and postsynaptic receptors, the modification of which could change postsynaptic responses. However, given the exclusive presynaptic location of the synapsin I/II proteins, and the comparative analysis of the two genotypes, the most parsimonious explanation for the results obtained is that they represent putative modulations of endo- and exocytotic trafficking and recruitment of presynaptic vesicle pools. However, minor contributions from functional changes occurring elsewhere cannot be completely excluded, particularly those observed in the absence of synapsin I/II.

During stimulation at low frequency (0.1 Hz), where already primed vesicles are activated, both forskolin, PDBu and 4 mM Ca^2+^ induced increases in fEPSP magnitudes. Moreover, these changes in synaptic strength were essentially identical in WT and DKO preparations, demonstrating that despite the ability of, e.g., synapsin I to modulate exocytotic kinetics (Hilfiker et al., [@B30]; Coleman and Bykovskaia, [@B16]), second messenger-induced modulations of single vesicle exocytosis were not targets for the synapsins I/II proteins. These data therefore tend to exclude that phosphorylation of domain A in the synapsin proteins, catalyzed by cAMP-or Ca^2+^-dependent protein kinases (Walaas and Greengard, [@B62]; Cesca et al., [@B8]), represents important regulators of the already primed vesicles that participate during Ca^2+^-induced membrane fusion and exocytosis (e.g., Lisman et al., [@B40]).

In contrast to the effect on single responses, the PPF patterns, which depend on the ability of the next RRP vesicles to be released upon the arrival of the second stimulus, were dependent on the distinct second messenger system, although to varying extents. Firstly, in the absence of any pharmacological treatment no effects were seen following removal of synapsin I/II, indicating that synapsin-dependent vesicle recruitment (Chi et al., [@B13], [@B14]) is not a limiting factor. In contrast, the fEPSP enhancers had clear but different effects, with forskolin enhancing both the first and second fEPSP but leaving the PPF ratio unchanged, 4 mM \[Ca^2+^\]~o~ significantly decreasing and 1 mM Ca^2+^ significantly increasing the PPF ratio, and PDBu essentially abolishing the PPF and rather retaining the second fEPSP at baseline levels. An inverse relationship has been proposed to exist between release probability and subsequent changes in synaptic efficacy during chemical neurotransmission (Zucker and Regehr, [@B67]). Therefore, our PPF data suggest that in the CA1 synapse forskolin probably enhances synaptic responses without changing release probability (and therefore may enhance synaptic strength by increasing the number of functional RRP vesicles). Previous analyses of forskolin effects on PPF ratio in the same synapses are in essential agreement with our data, with minor PPF decreases of 4--10% being reported (Dumas and Foster, [@B17]; Kameyama et al., [@B35]). In contrast, other CNS synapses show highly significant decreases in PPF following forskolin treatment, including cerebellar parallel fiber-to Purkinje cell synapses (Chen and Regehr, [@B12]) and hippocampal mossy fiber-to CA3 pyramidal cell synapses (Weisskopf et al., [@B64]), both of which therefore appear to respond to increases in cAMP by increasing synaptic release probability. The different forskolin effects between these synapses and the synapses examined in this study indicate important differences in molecular or structural properties in different presynaptic populations (Bogen et al., [@B4]; Bragina et al., [@B6]). In contrast, the very low PPF ratio induced by PDBu treatment suggests that the enhanced responses in these synapses predominantly were caused by inducing major increases in vesicle release probability. Although this interpretation is at variance with previous studies performed in a number of species, where phorbol esters appeared to induce significant increases in RRP size (e.g., Gillis et al., [@B24]; Waters and Smith, [@B63]; Searl and Silinsky, [@B57]; Junge et al., [@B34]), our data are in agreement with recent studies (Basu et al., [@B2]; Lou et al., [@B42]), which conclude that PDBu, working through munc-13, preferentially induces a specific increase in release probability.

The PPF ratios induced by changes in \[Ca^2+^\]~o~ are in agreement with the proposed relation between facilitation and synaptic release probability (Zucker and Regehr, [@B67]). These changes may partly be due to initial dose-dependent effects on the vesicular Ca^2+^ sensor synaptotagmin, which determines the baseline fEPSP (e.g., Sun et al., [@B58]). Since no differences were seen between the second fEPSPs in the WT and DKO preparations, our data exclude synapsin I/II from participating in these changes. However, Ca^2+^ may have other modulatory effects on presynaptic vesicle functions, mediated by, e.g., Ca^2+^-calmodulin modulating a variety of protein phosphorylation systems (Walaas and Greengard, [@B62]; Jovanovic et al., [@B33]), the munc-13 priming proteins (Brose et al., [@B7]; Junge et al., [@B34]), and the vesicle-associated rab3A protein (Geppert et al., [@B23]; Park et al., [@B50]; Schlüter et al., [@B55]; Coleman and Bykovskaia, [@B15]). In the present context, however, the contribution and importance of these separate modulatory systems on synaptic facilitation remain uncertain.

Analysis of the frequency facilitation induced by continuous afferent 20 Hz stimulation showed fEPSP enhancements which under standard conditions peaked after ∼12 stimuli, i.e., after 0.6 s stimulation (Hvalby et al., [@B31]; Jensen et al., [@B32]), with similar response magnitudes seen in the WT and DKO preparations. In contrast to the PPF responses, all three experimental manipulations induced substantial increases and decreased the time needed to reach the peak of this frequency facilitation. Hence, prolonged recruitment of RRP vesicles appeared to be both accelerated and enhanced by all treatments. However, subtle differences were observed. Forskolin-induced frequency facilitation showed a considerable magnitude increase and accelerated enhancement, in a manner not dependent on synapsin I/II, suggesting that the vesicles involved are not dependent on synapsin I/II proteins, despite these proteins being excellent substrates for cAMP-dependent protein kinase (Walaas and Greengard, [@B62]). Rather, other active zone components may be targets for cAMP-induced regulation, e.g., SNAP-25 (Nagy et al., [@B44]), the phosphorylation of which may be involved in regulating vesicle priming (Neher, [@B46]).

In contrast to the forskolin-induced effects, PDBu induced only a very brief, although accelerated increase in frequency facilitation, which also was independent on the synapsins I/II. Therefore, independently of the synapsin I/II proteins, PDBu induced a limited number of vesicles from the RRP to become available for exocytosis. Phorbol esters may mediate effects on release through activation of the munc-13 priming protein family (Rhee et al., [@B51]; Wierda et al., [@B66]; Lou et al., [@B42]), most probably by increasing release probability (Basu et al., [@B2]). The PDBu-induced small size and short duration of the frequency facilitation observed in this synapse appear consistent with the interpretation that DAG activation is restricted to recruitment of only a limited number of already primed, synapsin I/II-independent RRP vesicles.

Furthermore, increasing \[Ca^2+^\]~o~ from 1 to 4 mM in WT preparations also gave an increased frequency facilitation, which rapidly was transformed into a steep decay. However, in contrast to the frequency facilitations induced either under standard conditions, with forskolin or with PDBu, the 4 mM Ca^2+^-induced enhancements of the frequency facilitation were highly dependent on the synapsin I/II proteins. At this level of Ca^2+^, the frequency facilitation was enhanced by a factor of approx. 1.5 in the WT preparation, whereas without synapsins I/II, frequency facilitation in the DKO was increased by a factor of less than 1.3 (Figure [4](#F4){ref-type="fig"}). Hence, the presence of synapsins I/II led to almost a doubling of the frequency facilitation enhancement induced by the 20 Hz train. In contrast, at 1 mM Ca^2+^, the presence of synapsins I/II did not lead to significant differences in the frequency facilitation when compared to that seen in the DKO.

Given that frequency facilitations are thought to represent increased release of vesicles deriving from the RRP (Zucker and Regehr, [@B67]), these data indicate that a combination of high levels of Ca^2+^ and synapsins I/II proteins can modulate RRP vesicles. This unexpected conclusion is in contrast to the suggestion that synapsin-mediated functions would be restricted to reserve vesicles (Cesca et al., [@B8]), but appears to be partly supported by recent analysis of the postnatal development of these synapses (Bogen et al., [@B5]), where a transient synapsin I/II-induced enhancement of frequency facilitation induced at 2 mM Ca^2+^ occurred at developmental stages p18--27, following which it disappeared in adults. Apparently, in this synapse increasing the concentration of Ca^2+^ to 4 mM in adult mice appears to be sufficient to recreate this Ca^2+^- and-synapsin I/II-dependent response from RRP vesicles. Since neither forskolin (through cAMP) nor PDBu were able to mimic this effect, a unique relation between Ca^2+^-regulated biochemical mechanism(s) and synapsin I/II-dependent RRP vesicles clearly exists. Possible mechanisms may include Ca^2+^-induced activation of calcium-calmodulin-dependent protein kinase II (CaM kinase II) present in the active zone of excitatory synapses together with synapsin I/II (Tao-Cheng, [@B59]; Tao-Cheng et al., [@B60]), which, by phosphorylating synapsin I at sites 2,3, could induce vesicle--cytoskeletal dissociation and subsequent vesicle exocytosis (Llinas et al., [@B41]; Jovanovic et al., [@B33]; Chi et al., [@B13], [@B14]; Hilfiker et al., [@B28]).

Finally, comparisons between the amplitudes of the frequency facilitations reached during the different pharmacological treatments indicate that forskolin, which led to the frequency facilitation reaching ∼2.6-fold increase of the baseline response, represents the most efficient modulator of the RRP vesicles in this synapse. The exact mechanisms for this cAMP-induced effect remain unclear, but could include both phosphorylation of multiple cAMP-dependent protein kinase substrates (Nagy et al., [@B44], [@B45]; Leenders and Sheng, [@B38]), and activation of cAMP-induced release through mechanisms distinct from phosphorylation (e.g., Gekel and Neher, [@B22]).

The effects of second messenger modulations of other vesicle pools were somewhat unexpected, with both the DRE and the late response phases being potently regulated by some but not by other treatments. The DRE phase, which is restricted to WT preparations and may represent a pool of specific synapsin I/II-dependent (Jensen et al., [@B32]; Bogen et al., [@B5]) vesicles, responded to forskolin by being enhanced in a synapsin I/II-dependent manner, suggesting that phosphorylation of the synapsin domain A (Hilfiker et al., [@B28]) stimulated by cAMP (Walaas and Greengard, [@B62]) may be necessary for recruitment of vesicles involved in the DRE phase. In contrast, forskolin-induced enhancement of the previous or subsequent response phases occurred in a synapsin I/II-independent manner and would therefore rather be expected to be mediated through proteins distinct from the synapsins (Leenders and Sheng, [@B38]). In contrast to forskolin, PDBu showed essentially no effect on the DRE phase, but showed a small, synapsin-independent response enhancement during the later short-term plasticity phase. Indeed, following the major increase in single fEPSP and the small frequency facilitation induced by PDBu, the subsequent response patterns induced by PDBu mostly resembled the pattern induced in standard solution. Hence, treatment with PDBu may not activate major novel enhancement mechanisms, but rather activate and thereby occlude the mechanisms normally induced by 20 Hz stimulation. In contrast, the small but significant PDBu-induced final response enhancements which occurred in both genotypes were similar to the late response enhancement observed in forskolin-treated preparations (Figures [2](#F2){ref-type="fig"}A,B), suggesting the existence of distinct, late response enhancements, where both cAMP and DAGs may employ synapsin I/II-insensitive mechanisms. Finally, 4 mM \[Ca^2+^\]~o~ showed a tendency for decreasing the fEPSP during the DRE phase, followed by a significant Ca^2+^- and synapsin I/II-dependent fEPSP decrease. The latter may be related to the inverse effects of Ca^2+^-dependent enzymes on transmitter release observed during different stimulatory conditions (Jovanovic et al., [@B33]; Chi et al., [@B14]). Interestingly, this phase also coincided with the period during which these synapses showed both PDBu- and forskolin-induced response enhancements, raising the question of whether recruitment of one single pool of reserve vesicles can be enhanced by forskolin- or PDBu-dependent, synapsin I/II-independent mechanisms, and at the same time be decreased by Ca^2+^-synapsin I/II-dependent mechanisms.

In conclusion, our data demonstrate that in these small, prototypic excitatory glutamatergic synapses, different pools of synaptic vesicles are sensitive to a number of distinct regulatory mechanisms during continuous evoked glutamate release. In particular, we show that the RRP vesicles which mediate both single and paired synaptic responses as well as frequency facilitations induced in the absence or presence of forskolin or PDBu, are all essentially synapsin I/II-independent. In contrast, both the vesicles responsible for Ca^2+^-induced frequency facilitations, as well as vesicles involved in forskolin-induced response enhancements during the DRE phase were dependent on the presence of synapsin I/II. Further characterization of these response patterns remains an interesting challenge.
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